Summary: Regional CMRglc (rCMRglc) values were de termined with positron emission tomography (PET) in 10 patients with mild to moderate clinically diagnosed Alz heimer's disease (AD) and in 26 healthy controls. rCMRglc in frontal, parietal, and temporal association cortices were significantly more laterally asymmetrical in AD patients than in controls (p < 0.05). Furthermore, lateral asymmetry of rCMRglc in AD patients but not in the control subjects correlated significantly with asym metry of language and visuospatial functions such that Alzheimer's disease (AD) is a progressive degen erative brain disorder that has no known cause. The earliest and most prominent neuropsychological deficit is recent memory impairment, which usually is attributed to pathological and neurochemical changes in the hippocampus and amygdala (Gruen thai, 1926; Sjogren et aI., 1952; Sim and Sussman, 1962; lamada and Mehraein, 1968; To mlinson et aI., 1970; Ball, 1976; Brun and Gustafson, 1976; Corkin, 1982; Rosen and Mohs, 1982) . The first neuropsy chological deficits to appear that are related to dys function of other cerebral cortical regions are im pairments of language and visuospatial construction (Sjogren et aL, 1952; Sim and Sussman, 1962; Rosen and Mohs, 1982) .
The clinical diagnosis of AD can be confirmed by demonstrating significant neuropathology (senile plaques, neurofibrillary tangles, and granulovacu olar degeneration) in a biopsy or in postmortem lower left than right rCMRglc was associated with rela tively greater impairment of language and vice versa. The results demonstrate that discrepancies between language and visuospatial deficits in patients with early AD are related to asymmetrical reductions in cerebral cortical glucose metabolism. Key Words: Alzheimer's disease Cerebral metabolism-[18FlFluorodeoxyglucose-Lan guage-Positron emission tomography-Visuospatial construction .
brain. These changes are evident in almost all ce rebral cortical regions (Tomlinson et aI., 1970; Te rry et al., 1981) , with perirolandic sensorimotor and vi sual cortices relatively spared (Gruenthal, 1926; von Braunmuehl, 1957; lamada and Mehraein, 1968; Brun and Gustafson, 1976; Corsellis, 1976) . However, the use of positron emission tomography (PET) to examine regional brain metabolism during life has made it possible to study brain functional activity in the earlier stages of AD. Studies of re gional CMR02 (rCMR02) and regional CMRglc (rCMRglc) with PET reveal that patients with clin ically diagnosed, moderate to severe AD have lower metabolic rates (Frackowiak et al., 1981; de Leon et aI., 1983; Ferris et aL, 1983; Chase et al., 1984) , particularly in parietotemporal regions (Frackowiak et aI., 1981; Friedland et aI., 1983; Chase et aI., 1984) . Moreover, in a sample of moderate to severe AD patients, preselected for demonstrating focal neuropsychological syndromes, Foster et al. (1983) found that those with predominant language deficits demonstrated hypometabolic foci in left perisylvian regions, and those with predominant visuoconstruc tion deficits demonstrated hypometabolic foci in right posterior parietal regions. We decided to in vestigate whether patterns of neuropsychological deficits in early AD, as measured by the discrep ancy between language and visuospatial construc tion deficits, were related to variability in cerebral metabolic abnormalities, as measured by lateral asymmetry of cortical rCMRglc.
A hindrance to studies of metabolism with PET is the large coefficient of variation of rCMRglc and rCMR02 in healthy subjects (Duara et al., 1983 Reivich et al., 1983) . Before trying to relate PET measures to neuropsychological test scores, we reduced the variance of the data by calculating asymmetry scores for rCMRglc in homologous re gions of the right and left hemispheres. We then found that cerebral metabolic asymmetry was re lated significantly to asymmetry of language and visuospatial construction in patients with early AD, but not in healthy controls.
METHODS
Ten right-handed patients diagnosed as having AD ac cording to the Diagnostic and Statistical ManIlal for Mental Disorders (third edition) criteria (American Psy chiatric Association, 1980) were studied (Table 1) . Pa tients had no focal brain abnormalities on computed to mography scans, had scores of <4 on the Hachinski Ischemia Scale (Hachinski et aI., 1975) , were normoten sive, and had no other current medical illness or history of illnesses, systemic conditions, or accidents that could compromise brain function. As reported by family mem bers, habitual alcohol consumption of all patients was light or nil, and no patient had a history of any period of problem drinking. To rule out depressive pseudode mentia, patients demonstrating significant depressive symptoms during a psychiatric interview or as reported by a family member were not asked to participate. Clin ical diagnosis of AD is tentative and will require eventual neuropathological verification.
.
Te n right-handed healthy volunteers, matched to pa tients on sex, age, and education, served as control sub jects for the neuropsychological tests. Tw enty-six right handed healthy male volunteers, aged 45-83 years (mean 63.4 years), participated as control subjects for PET scan studies. Twenty-four of these control subjects were given the Wechsler Adult Intelligence Scale (WAIS) (Wechsler, 1955) and thus served as control subjects for correlations of cerebral metabolic and neuropsychological patterns.
Two brief mental status scales were administered the Mini-Mental State (Polstein et aI., 1976) and the Mattis Dementia Scale (Mattis, 1976) , a� well as the following additional neuropsychological tests: the WAIS, two de layed memory tests from the Wechsler Memory Scale (Wechsler, 1945; Russell, 1975) specified relations among sentence constituents conform to strong expectations based on knowledge of the world (e.g., "The little girl picked the flowers. What was picked?"). In sentences of the second type, syntactically specified relations are semantically neutral (e.g., "The child the teacher liked was gone. Who was gone?"). In sentences of the third type, syntactically specified rela tions are inconsistent with strong semantic expectations (e.g., "The horse fed the rider in the barn. Who was fed?"). Sentences of the second and third types, there fore, can be correctly comprehended only if the syntactic structure has been processed. Score on this test is the number of questions answered correctly.
The Extended Range Drawing Te st consists of 12 geo metric figures of varying complexity (Pig. 1). Subjects are asked to copy each design with no time limits. A score of 2 is awarded for each drawing that reproduces all of the geometric features of the model and preserves the proportions of the model. A score of 1 is given for draw ings that reproduce all of the geometric features but dis tort proportions. The test is discontinued after two figures in a row are given scores of O.
Two indices of asymmetry of language and visuospatial construction were derived from neuropsychological tests. Por one, AD patients were ranked separately on the Syntax Comprehension and Extended Range Drawing tests, and the difference between ranks was calculated. The second index was the difference between WAIS factor scores summarizing performance on tests of vi suospatial construction, on the one hand, and tests of mental arithmetic and immediate verbal memory, on the other (Tellegen and Briggs, 1967) .
rCMRglc was measured at rest using PET and [18P12_ fluoro-2-deoxY-D-glucose as described by Duara et al. (1983 Duara et al. ( , 1984 . Patients were supine and had their eyes cov ered and ears plugged with cotton to reduce sensory input. PET scanning was accomplished with an ECAT II scanner (Ortec, Life Sciences, Oak Ridge, TN, U.S.A.). Images of seven cross-sectional slices parallel to and 5-100 mm above the inferior orbitomeatal line were made.
Up to 59 regions of interest were identified and outlined using horizontal sections from a brain atlas as a guide (Eycleshymer and Schoemaker, 1911) . The brain atlas section providing the closest correspondence to the an atomical configuration inferred from each metabolic image was used to indicate the identity and location of each anatomical region. The region was then outlined using the contours visible in the PET image. When indi vidual PET images were analyzed independently by sep arate raters, correlation coefficients between measures in each image averaged 0.92, and the percentage difference in determining rCMRglc averaged 2.18% (c. L. Grady et aI., unpublished observations). For the current analysis, rCMRglc was calculated (Huang et aI., 1980) for the whole cerebral hemispheres as well as for lateral cortical regions grouped into the following areas: frontal associ ation, perirolandic sensorimotor, parietal association, oc cipital lobe, and lateral temporal lobe. These cortical areas are outlined in the PET scan of a normal subject in Fig. 2 . AD patients and controls were compared on rCMRglc and asymmetry of rCMRglc, indexed by per centage differences between metabolic rates for homol ogous right and left hemisphere regions. Percentage dif ferences were calculated using mean rCMRglc for the pair of regions being compared as the denominator. 
RESULTS
Ta ble 1 reports age, sex, education, and neuro psychological test scores for AD patients and for 10 sex-, age-, and education-matched healthy volun teers. Durations of illness are also reported for the AD patients. Patient scores on the Mattis Dementia Scale and WAIS were substantially higher than those reported in other studies (Foster et al., 1983; Friedland et aI., 1983; Chase et aI., 1984) , indicating that our patients were in an earlier stage of the dis ease. All AD patients had marked delayed memory deficits. Cases 1, 2, and 3 had no other cognitive deficits. The other seven had language and visuo spatial construction deficits of varying degree. The schematic diagram of the lateral aspect of the left hemisphere depicts the location of these regions. The anatomical configurations of the seven images correspond to horizontal sections from a brain atlas (Eycleshymer and Schoemaker, 1911) that are 15, 25, 40, 50, 70, 80 , and 90 mm above the inferior orbitomeatal line. The regions are as follows: A, frontal association; B, perirolandic sensorimotor; C, parietal association; D, occipital lobe; E, lateral temporal lobe. Mean hemispheric and cortical rCMRgic values for AD patients and controls are presented in Ta ble 2 along with metabolic asymmetry indices, Whole hemisphere CMRgic showed no trend toward a dif ference between AD patients and controls (t < I in both cases).
Regional metabolic rates were analyzed with a three-way repeated-measures analysis of variance with one group factor (patients versus controls) and repeated measures on region and hemisphere fac tors (Keppel, 1973) . The group main effect was not significant (F < 1 in both cases), indicating that regional rates when analyzed without reference to each other were not significantly lower in the AD patients. The region by group interaction effect,
however, was statistically significant (F = 3. 90, p < 0.05, using Greenhouse-Geisser correction of de grees of freedom), indicating that the pattern of rCMRgic was different for patients and controls. The nature of this interaction was analyzed with Bonferroni t tests that compared patients and con trols on within-subject differences between meta bolic rates for pairs of regions. Only differences be tween the association cortices (frontal, parietal, and temporal), on the one hand, and the perirolandic sensorimotor and occipital cortices, on the other, were considered, Since all effects involving the hemisphere factor were not statistically significant (F < 1 in all cases), right and left homologous re gions were combined. Of the six comparisons, two were significant. The difference between parietal association and perirolandic sensorimotor rCMRglc was significantly greater in patients relative to con trols (t = 5.025, p < 0.01), as was the difference between temporal and occipital rCMRglc (t = 3.053, p < 0.05). In both cases, the association cor tical rCMRglc demonstrated greater reductions rel ative to sensorimotor and visual cortical rCMRglc.
Plots of metabolic asymmetry scores are pre sented in Fig. 3 . If metabolic asymmetry is in creased in early AD, patient asymmetry scores should differ more from zero than do those of con trols. These larger differences can be either positive or negative, depending on whether the right or left hemisphere is more affected. No difference be tween controls and patients on mean metabolic asymmetry would be expected, and none was found using t tests (p > 0.05, uncorrected for multiple comparisons).
The appropriate test of group differences is a test of equality of variance (Snedecor and Cochran, 1980) . AD patient asymmetry scores had signifi cantly greater variances than those of controls for Alzheimer's disease (AD) patients and 26 healthy controls. Higher scores correspond to higher right hemisphere me tabolism.
cerebral hemispheres (F = 8.17, p < 0.001), the frontal association cortex (F = 20.27, p < 0.001), parietal association cortex (F = 5. 88, p < 0.002), and temporal lobe cortex (F = 8.24, p < 0.001) (probabilities are two-tailed and corrected for re peated simultaneous tests using a Bonferroni cor rection). Asymmetry scores in sensorimotor and occipital cortices, on the other hand, demonstrated no trend toward greater variance among AD pa tients (F = 2.05, p > 0. 10 and F = 1.02, p > 0.10, respectively). The relation between this abnormally increased metabolic asymmetry in the association cortices and neuropsychological asymmetry measures was tested using Pearson product-moment correlations (Snedecor and Cochran, 1980) . The distribution of all relevant measures did not differ significantly from a normal distribution [p > 0. 20 in all cases using Lilliefors test (Conover, 1971) ]. In AD pa tients, both indices of neuropsychological asym metry were correlated significantly with metabolic asymmetry in the cerebral hemispheres (Table 3) . The Syntax Comprehension-Extended Range Drawing Index was also correlated significantly with frontal and parietal association metabolic asymmetry (probabilities for correlations with rCMRglc values were adjusted for multiple tests of correlation using a Bonferroni correction) ( Table 2) . Lower left hemisphere rCMRglc was associated with worse language function and vice versa. In contrast, the WAIS index of neuropsychological asymmetry was not correlated with metabolic asymmetry scores in the right-handed healthy controis. The tests of syntax comprehension and drawing were not administered routinely to PET control subjects.
DISCUSSION
rCMRglc values in this sample of 10 early AD patients were found to differ from control values in two ways. First, rCMRglc values in the parietal as sociation and lateral temporal cortices were lower. Second, rCMRglc values in homologous regions of the right and left hemispheres were more asym metrical in the frontal association, parietal associ ation, and lateral temporal cortices. Furthermore, the lateral asymmetry of metabolic reductions in mild to moderate AD is related to the relative se verity of language and visuospatial neuropsycho logical symptoms.
The mean rCMRglc differences between AD pa tients and controls were small relative to those re ported in other studies (Frackowiak et aI., 1981; de Leon et aI., 1983; Chase et aI., 1984) . In accord with the current study, the largest reductions in rCMRglc or rCMROz are typ ically reported for parietotemporal regions (Frac kowiak et aI., 1981; Friedland et aI., 1983; Chase et aI., 1984) and range from 23 to 40%. In the current sample, parietotemporal rCMRglc values were 12.4-14.1 % below control values. The smaller met abolic deficits and the higher neuropsychological test scores of the patients in our sample document the mild to moderate nature of their dementia and suggest that others have looked at more severe dis ease states. On both neuropsychological indices, sign was chosen so that higher scores correspond to relatively worse language performance. High asym metry scores correspond to relatively lower left hemisphere metabolism. Positive correlations therefore correspond to the expected relation; that is, lower left hemisphere regional CMRglc was associated with worse language function and vice versa. AD, Alzheimer's disease; WAIS, Wechsler Adult Intelligence Scale. a p < 0.01.
Reductions of parietotemporal rCMRgJc and in creases in metabolic asymmetry in mild to moderate AD both show that the perirolandic sensorimotor and occipital cortices are less affected. Because of the considerable variability of normal rCMRgJc (see Table 2 ), the metabolic reductions in the parietal association and temporal cortices did not yield sta tistically significant group comparisons until within subject differences between these affected and nonaffected regions were examined. Parietal asso ciation and perirolandic sensorimotor rCMRgJc are highly correlated as are temporal and occipital rCMRgJc (Horwitz et aI., 1984) . In the current con trol sample, correlations between these pairs of bi lateral regions were 0.97 and 0. 90, respectively. Consequently, within-subject differences between rCMRglc in these pairs of regions have much smaller variances than do the metabolic rates by themselves, making within-subject differences more sensitive to small deviations from normal rCMRgJc patterns.
Similarly, reduction of variance gives asymmetry scores the potential to be sensitive to small meta bolic abnormalities. Of all correlations between rCMRglc values, those between homologous right and left hemisphere regions tend to be the highest (Horwitz et aI., 1984) . The large group differences in cerebral metabolic asymmetry found here re vealed that one hemisphere, either the left or the right, is disproportionately more affected than the other in mild to moderate AD. Moreover, asym metry scores demonstrated that cortical metabolism in mild to moderate AD is abnormal in all of the association cortices, not just in parietotemporal re gions.
Our study disagrees with reports that reductions in regional cerebral blood flow are symmetrical in AD (Lavy et aI., 1978; Gustafson and Risberg, 1979; Yamaguchi et aI., 1980) , but none of these studies presented an analysis of equality of variances for individual measures of asymmetry or any other analysis that would be sensitive to increased lateral asymmetry.
Impairments of language and visuospatial con struction were often quite out of proportion to each other in the AD patients, as has been noted in other studies (Wechsler, 1977; Crystal et aI., 1982; Rosen and Mohs, 1982; Foster et aI., 1983) . This dispro portion was associated with the asymmetry of met abolic reductions in early AD. Studies of patients with focal brain damage suggest that measures of syntax comprehension, mental arithmetic, and im mediate verbal memory are related to left parietal and frontal function (Warrington and Shallice, 1969; Saffran and Marin, 1975; Caramazza and Zurif, 1976; Heilman et aI., 1976; Caramazza et aI., 1981; Boller and Grafman, 1983) and that measures of vi suospatial construction are related to right parietal function (Benton, 1979) . The correlations between metabolic and neuropsychological asymmetries are in accord with the broad distinction between left and right hemisphere function, but are not restricted to the predicted, specific cortical regions within the hemispheres, although the correlations tend to be higher in these regions. No correlation between neuropsychological and metabolic asymmetries was obtained in controls, suggesting that the asymmetry of metabolic deficits in AD is specific to the disease process. Foster et al. (1983) and Chase et al. (1984) also found a relation between rCMRgJc and neuropsy chological differences in clinically diagnosed AD, but their patients were preselected for focal neu ropsychological deficits and were more severely de mented. On the other hand, Frackowiak et al. (1981) found no relation between rCMR02 and neuropsy chological deficits in moderate to severe dementia.
In conclusion, the cerebral metabolic abnormal ities found in mild to moderate AD are not uni formly distributed over the neocortex. Consistent with the distribution of neuropathology reported in autopsy studies of AD (von Braunmuehl, 1957; Ja mada and Mehraein, 1968; Brun and Gustafson, 1976; Corsellis, 1976) , no metabolic abnormalities were found in the perirolandic sensorimotor and oc cipital cortices. Moreover, one hemisphere is often more affected than the other. Discrepancies be tween language and visuospatial deficits in early AD are associated with, and probably due to, this lateral asymmetry of metabolic reductions.
